Neuroimaging biomarkers show promise for improving precision diagnosis and prognosis after mild traumatic brain injury (mTBI), but none has yet been adopted in routine clinical practice.
INTRODUCTION
Despite increasing evidence from preclinical and human studies that mild traumatic brain injury (mTBI) causes axonal shearing injury of white matter microstructure that can affect the longterm cognitive, neuropsychiatric, and social domains of function, the lack of reliable objective tools to measure such pathology is a barrier to clinical translation (Manley & traditional DTI metrics such as mean diffusivity (MD) and fractional anisotropy (FA) represent basic statistical descriptions of diffusion that do not directly correspond to biophysically meaningful parameters of the underlying tissue. Furthermore, DTI assumes Gaussian diffusion within a single microstructural compartment and is therefore insensitive to the complexity of white matter microstructure, which requires a non-Gaussian model with multiple compartments (Jones et al, 2010) . Perhaps as a result, prior DTI studies have produced conflicting results with some papers reporting abnormally reduced white matter FA in mTBI and others reporting elevations or no change in FA (Eirud et al., 2014). Other contributing factors to this discordance in the literature include small effect sizes of DTI changes due to mTBI, small sample sizes and the dynamic nature of microstructural white matter alterations after mTBI.
In this investigation, we overcome the limitations of DTI by applying a more advanced multicompartment diffusion model known as neurite orientation dispersion and density imaging (NODDI) (Zhang et al., 2012 ; Ojelescu et al., 2017 for review). NODDI leverages recent progress in high-performance magnetic field gradients for MRI scanners that can achieve diffusion-weighting factors much higher than the standard b=1000 s/mm 2 for DTI and therefore probe more complex non-Gaussian properties of white matter diffusion. The NODDI biophysical model uses this richer diffusion imaging data to measure properties of three microstructural environments: intracellular, extracellular, and free water. One such metric is the intracellular volume fraction, referred to as the neurite density index (NDI) and which primarily represents axonal density within white matter. Another is orientation dispersion index (ODI) of neurites, which is higher in loosely organized white matter and lower in tracts with largely parallel fiber bundles such as the corpus callosum. The volume fraction of the isotropic diffusion compartment (FISO) estimates the free water content (Zhang et al.,2012) . These NODDI parameters have been validated in histopathological studies of animal and human brains (Sepehrband, et In this study, we employ NODDI to: i) investigate early white matter changes at two weeks postinjury in mTBI patients versus trauma controls; ii) determine the evolution of white matter changes of the mTBI patients from two weeks to six months after injury; and iii) explore the prognostic significance of these white matter microstructural changes for symptomatic and cognitive outcome after mTBI. Comparing DTI to NODDI serially after mTBI, we hypothesize that the early microstructural white matter changes of mTBI are driven by increases in free water, such as from vasogenic edema due to neuroinflammation, whereas longer-term changes reflect decreases in axonal density due to evolving white matter degeneration.
MATERIALS AND METHODS

Participants
All participants were enrolled at the Zuckerberg San Francisco General Hospital and Trauma
Center as part of the prospective Transforming Research and Clinical Knowledge in Traumatic
Brain Injury project (TRACK-TBI) (Yue et al., 2013) . A total sample of 40 mTBI patients (age:
x ̅ =30.35 years, SD±7.50: education: x ̅ =15 years, SD±2.68; sex 9F/31M) was included within 24 hours after injury upon meeting the American Congress of Rehabilitation Medicine (ACRM) criteria for mTBI (ACRM, 1993) in which the patient has to exhibit a traumatically induced physiological disruption of brain function as manifested by: i) any period of loss of consciousness (LOC), ii) any loss of memory for events immediately before or after the accident, iii) any alteration of mental state at the time of the accident (feeling dazed, disoriented, and/or confused), or iv) focal neurologic deficits that may or may not be permanent. Other inclusion criteria for this study were age between 18-55 years, acute brain CT as part of clinical care within 24 hours of injury, no significant polytrauma that would interfere with the follow-up and outcome assessment, no MRI contraindication. Fifteen patients reported history of anxiety or depression but none had a history of major psychiatric or neurological disorders. Visual acuity and hearing adequate for outcomes testing, fluency in English, and ability to give informed consent was required. Galveston Orientation and Amnesia Test (GOAT) score assessed at the time of informed consent was normal (x ̅ =98.63; SD±2.18).
Fourteen orthopedic trauma control subjects matched by age (x ̅ =31.71 years; SD±10.14), education (x ̅ =15.5 years; SD±2.17), and sex (6F/8M) were also recruited from the ED.
Orthopedic injury causes included falls, pedestrian run overs, and bike accidents. All subjects presented with lower extremity fractures except for one that had an upper extremity fracture.
Control subjects were ruled out for the current study if the emergency room physician required CT brain scan for suspicion of head trauma or if by interviewing medical services or subjects, participants reported clinical information such as loss of consciousness, amnesia, previous TBI, psychiatric or neurological prevalent pathology, and if, according to the abbreviated injury scale (AIS), this study would be counterproductive for their sustained systemic injuries.
All eligible subjects who voluntarily agreed to participate gave written informed consent. All study protocols were approved by the University of California, San Francisco Institutional Review Board.
Neuropsychological Assessment
Commonly affected neuropsychological domains after mTBI were assessed using self-report and performance-based cognitive measures at 2 weeks and 6 month after injury: i) The Rivermead Postconcussion Symptoms Questionnaire (RPQ3-13), a self-reported questionnaire consisting of 16 physical and psychosocial symptoms frequently reported after mTBI; ii) the Rey Auditory Verbal Learning Test (RAVLT) to evaluate learning, short, and long-term memory; iii) Trail Making Tests A (TMTA) and B (TMTB) to evaluate attention, processing speed, and cognitive flexibility to switch tasks (TMTB-A); and iv) the Wechsler Adult Intelligence Scale (WAIS) coding and symbol search subscales for processing speed and visuo-perceptive association learning (Lezak et al., 2012) . Scores reported for all measures were the raw scores.
Image Acquisition
All mTBI subjects underwent a standardized MRI protocol acquired on a 3T GE MR750 scanner equipped with an eight channel phased array head radiofrequency coil (GE Healthcare, 
MRI Image Processing and Analysis
An overview of the imaging analysis and statistical methods used in this study is presented in Figure 1 .
Radiological Findings
The structural 3T MRI images were interpreted by a board-certified neuroradiologist (E.L.Y), who was blinded to the initial presentation and subject group designation, using the NIH Common Data Elements (CDEs) for TBI pathoanatomic classification (Yuh et al., 2013 
Diffusion Tensor Imaging
The diffusion MRI data were verified to be free of major image artifacts or excessive patient movement, defined as more than 2mm of translation and/or rotation. DTI pre-processing and analysis were performed using tools from the Oxford Centre for Functional MRI of the Brain (FMRIB) Software Library, abbreviated as FSL (v. 5.0.7). First, images were corrected for eddy distortions and motion, using an average of the 8 b=0 s/mm 2 volumes for each diffusionweighted shell as a reference. The registered images were skull-stripped using the Brain Extraction Tool (Smith, 2002) . All the resulting brain masks were visually inspected for anatomic fidelity. FA, MD, axial diffusivity (AD), and radial diffusivity (RD) maps were calculated using the FSL Diffusion Toolbox. Right and left tracts were averaged into one single measurement.
Multi-compartment Biophysical Modeling of Diffusion MR Imaging
We compared between subjects using a voxel-wise general linear model (GLM) analysis with permutation testing to correct for multiple comparisons (Nichols et al., 2002) using thresholdfree cluster enhancement (TFCE), family-wise error corrected (FWE) at p≤0.05. An unpaired ttest was employed to compare cross-sectionally the group of patients and controls in the voxelwise analysis at 2 weeks. A paired t-test was used to compare differences among DTI & NODDI measures within the patient group between 2 weeks and 6 months.
Machine Learning Analysis
A percentage of mTBI patients remain functionally impaired after 1 year post-injury (McMahon et al., 2014). In an attempt to distinguish these patients in our cohort, we used unsupervised machine learning to derive a metric of cognitive and symptom improvement and link it to the imaging biomarkers. First, to obtain and define a global improvement measure (GIM) that best reflects their outcomes, we first subtracted the 2-week scores from the 6-month scores for each of the 9 self-reported and cognitive measures described in Table 1 for each subject, then used a Z-score transformation to normalize the values. Since each individual test could be noisy, we sought to combine them together into a single composite metric that we defined as the GIM. We approached this task through an unsupervised k-means clustering analysis with two clusters and thirty replicates in MATLAB 2012b (The MathWorks, Inc., Natick, Massachusetts, United States). We then calculated a hyperplane to separate these two clusters equidistantly and each subject's GIM was defined as the signed (positive/negative) distance between the subject's recovery status and this hyperplane. This distance can also be expressed as a weighted average of the various symptomatic and cognitive metrics (Fig 3a) . Intuitively, this represents a data-driven method to combine the various self-reported and performance-based cognitive metrics to provide a wide degree of discrimination between patient outcome groups. We used two clusters because we were interested in distinguishing the patients with the best improvement from those who did not improve. While one cluster represents patients whose testing trend indicates overall improvement between two weeks and six months, the other cluster represents patients whose overall testing indicates a lack of, or in some cases a regression of, testing performance. Finally, we performed the voxel-wise comparison among clusters determined by the GIM measure with the DTI and NODDI metrics using randomise, the nonparametric permutation analysis tool in FSL, with TFCE correction for multiple comparisons at p<0.05. Table 1 displays the average results for the self-report and performance-based cognitive measures at 2 weeks and 6 months after injury for the 40 mTBI patients. Overall, patients selfreported a significant reduction in post-concussive symptoms on the RPQ scores, but a subset of subjects showed persistent self-reported symptomatology at the 6-month time point. Moreover, patients manifested improved performance in processing speed (TMTA), visuo-perceptive association learning (WAIS coding and symbol), as well as verbal memory (RAVLT) at 6 months vs 2 weeks.
RESULTS
Neuropsychological Assessment
DTI and NODDI Voxel-wise Group Comparisons
Cross-sectional analysis between mild TBI patients and controls at the 2-week time point.
Compared to the trauma controls, the mTBI patients showed decreased FA and increased MD in the genu and body of the corpus callosum, anterior and posterior limbs of the internal capsule, anterior corona radiata, anterior thalamic radiation, external capsule and cingulum. FISO was found to be increased in patients versus controls for the same tracts, but also additionally in the superior longitudinal fasciculi, posterior corona radiata, and fronto-occipital tracts. To a lesser extent, NDI also showed decreases mainly in the external capsule, anterior thalamic radiations, inferior longitudinal fasciculi, fornix and stria terminalis (Fig 4a) . 
Longitudinal analysis of mTBI patients at 2 weeks vs 6 months
Longitudinal voxel-wise analysis of mTBI patients showed decreases over time of NDI in tracts including the anterior and posterior corona radiata, posterior thalamic radiation, inferior longitudinal and inferior fronto occipital fasciculi, posterior and anterior thalamic radiation, uncinate fasciculi, and external capsules. FISO showed decreases over time in the posterior corona radiata and inferior longitudinal fasciculi (Fig 4b) . NODDI measures were more sensitive to microstructural damage in posterior tracts than DTI (Fig 6) . 
Machine Learning Analysis
Machine learning clusters among mTBI patients and their global improvement measure.
Two clear clusters (subgroups) were obtained dividing the group of mTBI patients based on their global improvement measure. Cluster K1 included 24 patients who had less improvement by the GIM metric than Cluster K2, which consisted of the 16 patients with the best global improvement (Fig 3b) . Table 1 shows the change from 2 weeks to 6 months post-injury in the self-report and cognitive performance measures that comprise the GIM across all 40 mTBI patients. While the effect sizes of the change over time in the group means appear small for these measures, these group averages obscure variation among patients that can be uncovered by the unsupervised machine learning analysis dividing the group into two clusters based on the GIM.
Is noteworthy to mention that, because of this division, K1 and K2 differed in years of education (K1: x ̅ =14.4 years, SD±2.1; K2: x ̅ =17.7 years; SD±2.5; p=0.002) but not in age.
Self-report and cognitive measures based on machine learning clustering
Supplementary Table 2 shows the difference between K1 and K2 in each of the nine measures that comprise the GIM. The patients of K2 were much more symptomatic on the RPQ than those of K1 at 2-weeks post-injury but recover to symptom levels similar to K1 by 6-months postinjury. The patients of K2 perform equivalently to those of K1 on the cognitive performance tests at 2-weeks post-injury, but, at the 6-month time point, are significantly outperforming their counterparts on the RAVLT and the WAIS, particularly the WAIS Coding subtest. K2 also trended toward better performance than K1 on the TMTA at both time points.
Voxel-wise group comparison of the DTI and NODDI parameters based on machine learning clustering
No significant relationship between traditional DTI metrics and patient global recovery GIM was found. However, NODDI metrics were found to be associated with cluster membership based on the GIM metric (Fig 7) . The voxel-wise group comparison between K1 and K2 revealed increases in FISO in K2 compared to K1, but the pattern of elevated FISO varied between the 2-week and 6-month time points. The increased FISO of K2 versus K1 was posterior predominant at 2 weeks post-injury whereas the increased FISO of K2 versus K1 was anterior predominant at 6 months post-injury. In contradistinction, increased ODI of K1 versus K2 was found, both at 2 weeks and at 6 months in a largely stable pattern encompassing much of the central white matter tracts, with only the right internal capsule showing resolution of the elevated ODI at 6 months.
DISCUSSION
To the best of our knowledge, there is only one previous NODDI study of TBI, which was a cross-sectional investigation of sport-related concussion (Churchill et al., 2017) . Our study compares DTI to NODDI longitudinally for the evolution of white matter microstructural injury and its association with symptomatic and cognitive recovery over time in a sample of civilian Overall, these cross-sectional results suggest that the early decrease of FA and increase of MD after mTBI is due to an increase in free water content, possibly reflecting neuroinflammation.
The sole prior study reporting DTI and NODDI measurements in TBI, in a sample of athletes with contact exposure, found increases in FA as well as increases in NDI and reduced ODI values (Churchill et al., 2017) . These results may differ from those found in our study due to the mechanism of injury in young athletes involving repetitive subconcussive hits over long periods of time, thereby conflating injury and recovery effects, rather than a single episode of mTBI that can be serious enough to produce anatomic lesions on structural MRI (Supplementary Table 1 ).
Longitudinally within the group of mTBI patients, we only observed decreases over time in NDI values, suggesting progressive axonal degeneration, while there were no significant differences in the DTI parameters. This indicates that NDI is a more sensitive metric of white matter axonal loss than the conventional DTI metrics such as FA or MD. The decreases found in NDI over time Data-driven machine learning analysis of a composite global improvement measure based on nine symptom self-report and cognitive performance measures known to be affected in mTBI produced two patient clusters. One was a higher performing subgroup (K2) with early selfreported symptoms that resolved over time and who also improved in the information processing speed (WAIS Coding) and verbal memory (RAVLT) domains. The other was a lower functioning subgroup (K1) that displayed relatively few initial symptoms, but still performed less well than K2 on the cognitive tests, especially at the 6-month time point. Although no significant DTI differences were seen between these two mTBI subgroups, NODDI showed higher ODI throughout much of the central white matter in the K1 group at both time points. This greater fiber orientation dispersion in the low functioning K1 cluster may perhaps represent a premorbid characteristic influenced by their lower average educational level than K2, which might also imply lower cognitive reserve. The less well organized central white matter may help explain their poorer cognitive performance compared to the higher functioning K2 cluster. The difference in cognitive and educational levels between the subgroups might possibly also affect symptom reporting. Specifically, the greater number of symptoms reported by the K2 subgroup at the early time point may partly represent awareness of actual cognitive decline from baseline, followed by eventual return to baseline in both symptoms and cognition by 6m, at least at the subgroup level if not for every patient. In future studies with larger cohorts, separating function domains (i.e. self-reported measures from cognitive symptoms such as memory and processing speed) could be beneficial for more granular prediction of recovery (Levin et al., 2013) .
Another finding using NODDI was the higher FISO of K2 versus K1 in predominantly posterior white matter at 2-weeks post-injury versus predominantly anterior white matter at 6-months postinjury. Since the overall group of 40 mTBI patients showed elevated anterior white matter free water, indicating vasogenic edema, at the early time point (Fig. 4a) , this means that the K2 subgroup had more extensive early edema than K1 that also included posterior white matter.
However, the anterior white matter edema resolved more slowly in K2 than K1, resulting in the relative elevation of free water in this distribution at the long-term time point. The greater extent of early white matter edema corresponds to the greater symptoms reported by the K2 subgroup at that time, with improving edema by 6 months post-injury matching their improvement in selfreported and cognitive performance measures. This observed association between white matter edema and the trajectory of symptomatic and cognitive recovery after mTBI requires more study to determine if there is a causal relationship. We do not discard other cofactors contributing to this symptomatology in addition to the trauma. Future studies should also investigate the effects of higher levels of stress and depression symptoms prior to and after the mTBI (Maurizio In the absence of cognitive control data, we also cannot exclude a learning component for the improvement across the two cognitive assessments, especially for the better recovery subgroup that had, on average, a higher educational level than the poorer recovery subgroup. Another limitation of the study is the small sample size of the controls, which lack a longitudinal component.
In summary, we found that NODDI parameters are sensitive imaging biomarkers for the subtle yet complex underlying white matter microstructural pathology after mTBI, such as diffuse axonal injury and neuroinflammation. Our results show that the early decrease of FA and increase of MD after mTBI, which are primarily in the anterior white matter, correspond to white matter regions of elevated FISO, which may reflect inflammatory vasogenic edema. This elevation of free water is more extensive in the subgroup of patients reporting more postconcussive symptoms early after trauma. The longer-term changes from 2 weeks to 6 months after mTBI are marked by declining neurite density in predominantly posterior white matter, suggesting axonal degeneration from DAI for which NODDI appears more sensitive than any of the DTI metrics, such as FA. The affected posterior white matter regions are known to be topologically integral to the structural connectome and are involved in multiple sensory and cognitive domains, including attention and executive function. The observation of stably elevated white matter fiber orientation dispersion in the mTBI subgroup with poorer cognitive performance may represent the sensitivity of ODI to premorbid intellectual functioning. Further research studies in larger well-phenotyped cohorts are needed to validate these NODDI biomarkers for mTBI diagnosis, for prediction of symptoms and cognitive performance, and for treatment monitoring.
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